Abstract. Vorticity-driven lateral fire spread (VLS) is a form of dynamic fire behaviour, during which a wildland fire spreads rapidly across a steep leeward slope in a direction approximately transverse to the background winds. VLS is often accompanied by a downwind extension of the active flaming region and intense pyro-convection. In this study, the WRF-Fire (WRF stands for Weather Research and Forecasting) coupled atmosphere-fire model is used to examine the sensitivity of resolving VLS to both the horizontal and vertical grid spacing, and the fire-to-atmosphere coupling from within the model framework. The atmospheric horizontal and vertical grid spacing are varied between 25 and 90 m, and the fire-to-atmosphere coupling is either enabled or disabled. At high spatial resolutions, the inclusion of fire-to-atmosphere coupling increases the upslope and lateral rate of spread by factors of up to 2.7 and 9.5, respectively. This increase in the upslope and lateral rate of spread diminishes at coarser spatial resolutions, and VLS is not modelled for a horizontal and vertical grid spacing of 90 m. The lateral fire spread is driven by fire whirls formed due to an interaction between the background winds and the vertical circulation generated at the flank of the fire front as part of the pyro-convective updraft. The laterally advancing fire fronts become the dominant contributors to the extreme pyro-convection. The results presented in this study demonstrate that both high spatial resolution and two-way atmosphere-fire coupling are required to model VLS with WRF-Fire.
Introduction
Multi-scale physical interactions between a wildland fire and the local fire environment, namely the topography, the fuel and the weather (Countryman, 1972) , can lead to dynamic fire behaviour and result in rapid fire growth. The dynamic escalation of wildland fires into conflagrations represents a major challenge in wildland fire management. Current operational fire spread models, a number of which are summarised in the recent review of wildland fire spread models by Sullivan (2009a, b, c) , typically assume that the rate of spread will remain constant unless there is a change in the underlying fire environment conditions. This steady state assumption can be invalid for dynamic modes of fire spread, in which the rate of spread can vary markedly due to coupled interactions between a wildland fire and the surrounding fire environment. Understanding the physical processes that underpin these dynamic modes of fire spread is therefore a key step towards improving the planning, preparedness, response and recovery surrounding the incidence of extreme fires.
A number of dynamic modes of fire spread, in which the rate of spread can not be determined solely from the fire environment conditions, have now been identified. Wildland fires can exhibit a continually increasing rate of spread on steep slopes and in canyons (Viegas and Pita, 2004; Dold and Zinoviev, 2009; Pimont et al., 2012) . Viegas et al. (2012) and Sharples et al. (2013b) discussed the abrupt increase in rate of spread that can occur when two wildland fires intersect at an oblique angle. Clark et al. (1996a, b) used the CAWFE (Coupled Atmosphere-Wildland Fire Environment) model to examine coupled atmosphere-fire interactions, such as dynamic fingering, in which rotating columns of air near the fire front can drive rapid fire spread ahead of the main front. Rotating columns of air above a wildland fire, commonly referred to as fire whirls when formed due to pyro-convection (Forthofer and Goodrick, 2011) , are a common feature in dynamic modes of fire spread.
McRae (2004) and Sharples et al. (2012) identified an important driver of extreme fire development in the 2003 Canberra bushfires, which involved rapid lateral fire spread across a steep leeward slope in a direction approximately transverse to the background winds, in addition to the usual downwind direction. Originally termed "lee-slope channelling" and then "fire channelling", this dynamic mode of fire spread has subsequently been investigated through laboratory experiments (Sharples et al., 2010; Farinha, 2011) and coupled atmosphere-fire modelling (Simpson et al., 2013; Sharples et al., 2013a) . The lateral fire spread appears to be driven by fire whirls formed over the leeward slope, and has qualitative similarities to a dynamic fire spread process described briefly by Countryman (1971) .
WRF-Fire is one of a number of coupled atmospherefire models capable of directly modelling two-way coupled atmosphere-fire interactions. Other examples include the CAWFE (Clark et al., 1996a, b) , HIGRAD/FIRETEC (Linn et al., 2002 Cunningham and Linn, 2007) and MésoNH-ForeFire (Filippi et al., 2009 (Filippi et al., , 2011 coupled models. Simpson et al. (2013) used WRF-Fire to model the development of a wildland fire ignited on the leeward slope of a triangular-shaped ridge oriented perpendicularly to the background winds. They concluded that the resulting lateral fire spread, which qualitatively matched that observed during the 2003 Canberra bushfires (Sharples et al., 2012) , is driven by fire whirls that formed due to an interaction between the terrain-modified winds and pyro-convectively driven vertical circulations above the fire. This explanation permits the phenomenon to be characterised as "vorticity-driven lateral spread (VLS)". Sharples et al. (2013a) subsequently used WRF-Fire to examine the effect of varying the background wind speed on the occurrence and characteristics of VLS, and found a lower threshold in the background wind speed for VLS. The existence of environmental thresholds for VLS has important implications for the management of wildland fires in rugged terrain, although these environmental thresholds are not presently well understood.
This study aims to examine the effect of varying the horizontal and vertical grid spacing, and enabling and disabling the fire-to-atmosphere coupling, in the WRF-Fire model of the occurrence and characteristics of VLS. It is expected that there will be a threshold in the horizontal and vertical grid spacing, above which VLS is no longer modelled. This will indicate the spatial scale at which the dynamic interaction driving the lateral fire spread operates. The WRF-Fire model and the configuration used in this study are discussed below, followed by the simulation results and a number of conclusions.
Numerical modelling

WRF-Fire
The WRF-Fire coupled atmosphere-fire model is included as part of the Weather Research and Forecasting (WRF) numerical weather prediction model. Version 3.5 of the Advanced Research WRF (Skamarock et al., 2008 ) is used in this study, and includes a version of WRF-Fire similar to that described by Mandel et al. (2011) . Coen et al. (2013) and Mandel et al. (2014) have recently described other versions of the WRFFire and the WRF and SFIRE coupled atmosphere-fire models. The WRF-Fire model has developed out of the CAWFE coupled atmosphere-fire model used by Clark et al. (1996a Clark et al. ( , b, 2004 and Coen (2005) . Kochanski et al. (2013a, b, c, d) have recently presented several validation case studies for the WRF and SFIRE coupled model, and Peace and Mills (2012) used the model to study the 2007 Kangaroo Island bushfires in Australia. Simpson et al. (2013) and Sharples et al. (2013a) have previously used the WRF-Fire model to investigate VLS, and a similar model configuration is adopted in this study.
The WRF model utilises fully compressible nonhydrostatic equations and a mass-based terrain-following coordinate system. In this study, WRF is used in a large eddy simulation configuration, referred to as WRF-LES (large eddy simulation) (Moeng et al., 2007; Mirocha et al., 2010; Kirkil et al., 2012) . WRF-LES explicitly resolves the gridscale atmospheric eddies, whereas the subgrid-scale motions are modelled using a subfilter-scale stress model. WRF-LES is therefore well suited to modelling turbulent atmospheric flows, such as those associated with VLS. In this paper, the 2-D wildland fire spread model to which WRF-LES is coupled will be referred to as SFIRE. Each wildland fire ignited in SFIRE is modelled as a temporally evolving perimeter that advances through the model domain using a level set function. The SFIRE model grid is defined on a subgrid of the WRF-LES horizontal model grid, and the horizontal extents of the SFIRE and WRF-LES model domains coincide. The terrain in SFIRE is defined at a higher spatial resolution than in WRF-LES when the subgrid ratio is greater than 1, but is otherwise identical. A total of 13 different fuel types, based on the 13 Anderson fuel categories (Anderson, 1982) , are available by default in SFIRE. The parameterised fuel properties include the initial mass loading, fuel depth, surfacearea-to-volume ratio, moisture content of extinction and rate of mass loss following ignition.
The rate of spread is calculated each time step at each point along the fire perimeter using Rothermel's semi-empirical fire spread model (Rothermel, 1972) :
where R is the rate of spread, R 0 is the base rate of spread in the absence of wind or slope, and φ W and φ S are wind and slope correction factors. Unless otherwise stated, the rate of spread values presented in this study are calculated from a mean average over 5 min intervals. R 0 is determined solely by the parameterised fuel properties, whereas φ S and φ S are calculated using the local terrain slope and mid-flame height winds. In this version of SFIRE, φ S has a minimum value of zero. In this version of WRF-Fire, the mid-flame height winds are calculated through the vertical interpolation of WRF-LES winds, using the logarithmic wind profile, to an estimated mid-flame height. As noted by Coen et al. (2013) , the height and location relative to the fire front at which to take the winds remains an active research area. The coupling from the fire to the atmosphere is achieved in WRF-Fire through the conversion of fuel mass to latent and sensible heat in SFIRE. The sensible and latent heat is injected each time step into WRF-LES and subsequently affects the local atmospheric conditions, including the midflame height winds. For each kilogram of fuel combusted in SFIRE, 17.43 MJ of sensible heat is produced, and the sensible heat flux is inserted as an additional source term to the equation for the potential temperature in WRF-LES. In this study, the corresponding latent heat flux, which is inserted as a source term for the water vapour concentration, is around a factor of 10 smaller than the sensible heat flux. The sensible and latent heat fluxes are individually aggregated across the SFIRE model subgrid and used to calculate the heat fluxes for each WRF-LES model grid vertical column. The vertical distribution of the heat fluxes within each WRF-LES model grid column is controlled by an exponential decay function, with the greatest quantity of sensible and latent heat injected into the lowest model vertical levels. The fire-to-atmosphere feedback in WRF-Fire can be switched off by applying a multiplier of zero to the heat fluxes calculated by SFIRE.
Model configuration
The WRF-Fire model is used to conduct 16 simulations, which are divided into two groups of 8 simulations with the fire-to-atmosphere coupling enabled and then disabled. Within each group, the WRF-LES horizontal and vertical grid spacing is set to 25, 30, 40, 50, 60, 70, 80 and 90 m. The subgrid ratio used between the SFIRE and WRF-LES model grids is set to eight in each simulation, resulting in a minimum and maximum horizontal grid spacing of 3.125 and 11.25 m in SFIRE. This range of grid spacings was chosen as it sufficiently demonstrates the effect of spatial resolution on modelling VLS with WRF-Fire. Individual simulations are named according to whether the fire-to-atmosphere coupling is enabled ("C") or disabled ("N"), followed by the horizontal grid spacing in metres. For example, C30 is a coupled simulation with a horizontal grid spacing of 30 m in WRF-LES.
In this study, WRF-Fire is used in a highly idealised configuration. The microphysics, longwave and shortwave radiation, urban surface physics, planetary boundary layer and cumulus parameterisations are disabled. An idealised domain is used with a prescribed wind profile, rather than real terrain and weather data. Diffusion in physical space is calculated using the velocity stress tensor and eddy viscosities are calculated using a 3-D prognostic 1.5-order turbulence closure scheme. A Rayleigh damping scheme is used in the top 1 km of the model to absorb upward propagating gravity wave energy and to dampen the pyro-convection. The lateral and top boundary conditions are open radiative, whereas the lower boundary is free slip. The main model time integration in WRF-Fire is performed using a third-order Runge-Kutta scheme and the primary time step chosen is 0.0625 s for each simulation, regardless of spatial resolution. The secondary time step is a time-split small step for acoustic and gravity wave modes, and is set to one eighth of the primary time step. The initial 20 min of each simulation are considered the spin-up period and are not included in the time-averaging calculations. Only limited atmospheric turbulence is spun up in WRF-Fire during the initialisation period, due to the absence of any sources of surface friction or surface heating. The total simulation time, including the spin-up period, is 2 h.
The horizontal extent of the WRF-Fire model domain is approximately 8 × 8 km, and the number of WRF-LES and SFIRE model grid cells varies with the horizontal and vertical grid spacing. A triangular-shaped ridge is located within both the WRF-LES and SFIRE model domains. The ridge's windward slope begins 2 km to the east of the western lateral boundary, and the windward and leeward slopes are 20 and 35 • , respectively. In contrast to the studies by Simpson et al. (2013) and Sharples et al. (2013a) , the ridge's peak height of around 600 m is smaller, and the ridge height decreases linearly at its southern and northern edges at 30 • . A 400 m wide region of flat terrain is located at the southern and northern lateral boundaries to allow the background winds to flow around the ridge. A cubic spline interpolation is used to partially smooth the terrain edges.
The WRF-Fire model top is initially set to 5 km and the vertical non-stretched grid spacing is initially equal to the horizontal grid spacing in WRF-LES. There are minor variations in the vertical grid spacing with time due to the use of sigma vertical levels, and the model top varies by up to 200 m in each simulation. Each simulation is initialised with horizontally homogeneous vertical profiles of the water vapour mixing ratio, the potential temperature, and the horizontal winds. The water vapour mixing ratio is initially set to zero at all heights. The potential temperature is initially set to 300 K between the surface and 4 km, and then increased linearly to 310 K between 4 and 5 km. This stable layer acts to prevent considerable descent of the model top towards the surface. A temporally uniform westerly wind is prescribed at the western lateral boundary. The vertical wind profile at this boundary is given by U (z) (m s −1 ):
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where U 0 denotes the background wind speed (m s −1 ), P (z) prescribes the vertical wind profile andx denotes the unit vector along the x axis, towards the east. P (z) is defined as
where z is the height (m). In contrast to the studies by Simpson et al. (2013) and Sharples et al. (2013a) , the wind profile power law has an exponent of 1/7. This exponent is a standard alternative to the logarithmic wind profile when the atmospheric stability is neutral (Justus et al., 1976) . In this study, the background wind speed is set to 15 m s −1 for each simulation. Fuel type 13, which corresponds to the heavy logging slash Anderson fuel category (Anderson, 1982) , is assigned homogeneously across the SFIRE model grid. Figure 1 shows the variation in time of the total heat flux for an SFIRE model grid cell following its ignition. The exponential decrease in the total heat flux is associated with a weighting parameter defined individually for each fuel type, and in this case results in a halving of the heat flux approximately every 15 min. This fuel type has a base rate of spread of around 0.12 km h −1 . In order to estimate the mid-flame height wind speed, the WRF-LES winds are horizontally and vertically interpolated to a height of 1 m a.g.l. (above ground level). The vertical interpolation uses the logarithmic wind profile with a surface roughness length of 0.1 m. The choice of height and the surface roughness in the vertical interpolation represent default values in WRF-Fire, and are not related to physical properties of heavy logging slash fuels. As the fuel type and slope are identical for each WRF-Fire simulation, any difference in the fire spread is due solely to variations in the mid-flame height wind conditions, and the subsequent dynamic twoway atmosphere-fire coupling, if the fire-to-atmosphere coupling is enabled.
The fire is ignited at the end of the 20 min spin-up period. The fire perimeter is ignited out to a distance of 40 m in all directions away from a south-north line of 200 m in length. This south-north line is centred on the y axis and is located towards the base of the leeward slope, which emulates the laboratory experiments described by Sharples et al. (2010) and Farinha (2011) . The fire is ignited at two locations simultaneously, starting from the northern and southern edges of the south-north ignition line and spreading towards the centre of the south-north line. Following this ignition process, the fire is allowed to spread freely throughout the model domain for the remainder of the simulation. The prescribed ignition is not included in any rate of spread calculations presented below. In a real situation, a spot fire could be ignited in this location due to the transportation of firebrands downwind from a wildland fire located upwind of the leeward slope. 
Results
Fire spread stages
The wildland fire spread can be visualised using the ignition time for each SFIRE model grid cell and is shown for each WRF-Fire simulation in Fig. 2 . Three distinct stages of fire spread can be identified from these simulations, not including the prescribed ignition described previously:
1. Upslope: the fire front advances upslope from the ignition region to the ridge line.
2. Initial lateral: the fire spreads laterally across the leeward slope at a rate higher than the base rate of spread. This can occur during the upslope fire spread.
3. Intermittent lateral: the lateral extensions of the fire perimeter continue to spread intermittently, at a rate that is highest on the leeward slope and close to the ridge line.
In those coupled simulations with a horizontal grid spacing of 25 to 80 m, there is considerable lateral fire spread along the leeward slope, particularly near the ridge line. In contrast, there is no appreciable lateral fire spread subsequent to the prescribed ignition in the C90 and non-coupled simulations. This indicates that resolving the fire whirls is critical for modelling VLS with WRF-Fire.
Upslope fire spread in non-coupled simulations
In each non-coupled simulation, the fire front develops a parabolic shape as it advances upslope after the prescribed ignition. The parabolic shape develops as a consequence of the ignited fire shape, with a rounded fire perimeter on its southern and northern edges, and the method used in WRF-Fire to account for the effect of slope on the rate of spread (Mandel et al., 2011) . During the 25 to 30 min period following the prescribed ignition in which the fire advances upslope, the westerly rate of spread typically varies between 1.0 and 1. in Fig. 3a . This is approximately 10 to 12 times higher than the base rate of spread. The limited variability in the westerly rate of spread between simulations indicates that the resolution of the terrain-modified mid-flame height winds does not appreciably affect the upslope rate of spread for this particular model configuration. Once the fire front encounters the ridge line and the slope is no longer positive, the westerly rate of spread decreases towards the base rate of spread. The fire then continues to spread in all directions at approximately the base rate of spread for the remainder of the simulation, resulting in a slowly expanding fire perimeter, as seen in Fig. 2b . Figure 4 shows the time-averaged mid-flame height horizontal winds for the N25 simulation. The terrain-modified winds are fairly consistent in time after the WRF-Fire initialisation period, and are weak across the leeward slope. The upslope rate of spread is instead dominated by the slope correction term in Eq. (1).
Upslope and initial lateral fire spread in coupled simulations
The westerly rate of spread is typically much more variable, both in time and between simulations, for the coupled simulations than for the non-coupled simulations, as demonstrated by directly comparing Fig. 3a and b. The peak westerly rates of spread are 2.90, 3.14, 2.28, 1.50 and 1.79 km h −1 in the C25, C30, C40, C50 and C70 simulations, compared with 1.16, 1.18, 1.20, 1.20 and 1.15 km h −1 in the N25, N30, N40, N50 and N70 simulations. This demonstrates that inclusion of the fire-to-atmosphere coupling in WRF-Fire can markedly affect the upslope rate of spread and initial fire front development, particularly at a higher spatial resolution. For the C60, C80 and C90 simulations, the peak upslope rate of spread is almost identical to the equivalent non-coupled simulations, indicating limited impact of the fire-modified atmospheric dynamics on the upslope rate of spread. In the coupled simulations, the fire front also initially develops a parabolic shape as it advances upslope from the prescribed ignition, similarly to in the non-coupled simulations. However, the turbulent fire-modified mid-flame height winds can result in asymmetric fire front advancement, which represents the start of the initial lateral fire spread stage, prior to the fire front reaching the ridge line. The approximate time after ignition and height on the leeward slope of this initial lateral spread is provided in Table 1 for each coupled simulation, alongside the time at which the fire front first encounters the ridge line. The initial lateral fire spread typically begins earlier and lower on the leeward slope as the horizontal and vertical grid spacing decreases. This initial lateral spread prior to the arrival of the fire front at the ridge line was not discussed by Simpson et al. (2013) and Sharples et al. (2013a) .
In the C25 and C30 simulations, fire whirls with nonzero vertical and horizontal vorticity vector components are formed non-symmetrically in close proximity to the fire perimeter during the upslope fire spread stage, as shown for the C25 simulation in Fig. 5 . The fire whirls drive the initial lateral fire spread, to beyond the initial south-north extent prescribed in the ignition, during the upslope fire spread in both the C25 and C30 simulations. It also contributes towards the high peak westerly rates of spread of 2.90 and 3.14 km h −1 , respectively. Fire whirls are also present during the upslope fire spread stage in the other coupled simulations, but do not affect the upslope or lateral rate of spread to the same extent as in the C25 and C30 simulations. Vortices with a vertical component are entirely absent in the non-coupled simulations, demonstrating that the vortices are fire whirls formed due to an interaction between the fire, the terrain and the atmosphere. In the C25, C30, C40, C50, C60 and C70 simulations, the fire advances several hundred metres beyond the ridge line and across the windward slope. In contrast, fire spread onto the windward slope was not observed during the VLS events in the 2003 Canberra bushfires (Sharples et al., 2012) . The advancement of the modelled fire onto the windward slope can be partly attributed to the fire-induced easterly winds, which develop as an inflow towards the base of the pyroconvective updraft above the fire front. These easterly winds can dominate over the background westerly winds across the leeward and upper windward slopes, and therefore facilitate fire spread across the upper windward slope. In addition, there is currently no reduction in the rate of spread due to negative slopes in WRF-Fire, which contradicts empirical data (Weise and Biging, 1997) .
Intermittent lateral fire spread in coupled simulations
For those coupled simulations in which VLS occurs, the lateral extensions of the fire front close to the ridge line become the most rapidly advancing parts of the fire perimeter once the upslope and initial lateral fire spread stages have concluded. The southerly and northerly fire fronts continue to advance laterally across the leeward slope in intermittent jumps for the remainder of the simulation, as demonstrated by Fig. 6a and b . The peak lateral rates of spread in the C25, C30, C40, C50, C60, C70, C80 and C90 simulations are factors of 8.8, 9.6, 6.6, 13.3, 11.6, 5.9, 3.5 and 1.9 times higher than in the equivalent non-coupled simulations. This erratic number sequence arises due to the complex variation in the effect of the two-way atmosphere-fire coupling on the lateral spread. The fire-to-atmosphere coupling is therefore shown to increase the lateral rate of spread, as further demonstrated by comparing the coupled and non-coupled lateral rates of spread, shown in Fig. 6 . The lateral fire spread occurs asymmetrically for each VLS simulation, resulting in differences between the peak southerly and northerly rates of spread. Most commonly, the peak lateral rate of spread is highest towards the north (C25, C30, C50, C70 and C80), rather than towards the south (C40 and C60), as shown in Fig. 6 . Given the identical and symmetric terrain and prescribed ignition used in each coupled simulation, the asymmetry in the lateral fire spread must originate from numerical instability in the WRF-Fire model, caused by round-off error. The resulting asymmetries then grow in magnitude due to the effects of atmosphere-fire coupling, and so are therefore associated with both the numerical instability within the WRF-Fire model, and the dynamical instability in VLS. Similar asymmetric fire spread has been noted in the CAWFE model by Clark et al. (2004) .
The occurrence and irregularity of the lateral fire spread across the leeward slope is attributable to the movement of fire whirls across the flanks of the fire perimeter. The 3-D vorticity vector field is calculated in WRF-LES as the curl of the 3-D wind field. The characteristics of the fire whirls driving the initial lateral fire spread can be inferred for the C25 simulation from Figs. 5 and 7. They show that the fire whirl located over the northern flank of the fire is associated with clockwise rotation about both the x and z axes. Although not shown, the fire whirl located over the southern flank is associated with anticlockwise rotation about the x and z axes. The circulating flow at the mid-flame height driving the lateral fire spread is centred on the pyro-convectively driven vertical circulation, seen as adjacent updrafts and downdrafts close to the flanks of the fire perimeter in Fig. 5 . The vertical circulations vary in size, location and intensity throughout the simulation as the fire front develops, but are frequently located close to the lateral flanks of the fire front, such as at 28 and 32 min in the C25 simulation.
The horizontal and vertical grid spacing used in the WRFFire model affects the resolution of the fire whirls, and therefore also the two-way atmosphere-fire coupling and resulting lateral rate of spread. For example, the average lateral rates of spread after ignition are 0.88 and 1.04 km h −1 in the C25 and C30 simulations, compared with lower values of 0.78, 0.71, 0.61, 0.42, 0.22 and 0.13 km h −1 in the C40, C50, C60, C70, C80 and C90 simulations. It is possible that using even finer grid spacing in WRF-Fire could further increase the average and peak lateral rate of spread. However, the similarity in the peak and average lateral spread rates between the C25 and C30 simulations suggests that a near-optimal resolution has been reached. In addition, it is difficult to complete a WRFFire simulation at higher resolution for an otherwise identical model configuration, due to the intense updrafts in the pyroconvective plume. 
Power and pyro-convection
The domain-aggregated total heat release rate, subsequently referred to as the "power of the fire", is shown for each coupled simulation in Fig. 8 . The power of the fire is highest for the C30 simulation and lowest for the C90 simulation. In general, the peak and average power values of the fire increase as the horizontal and vertical grid spacing decrease, from 90 to 30 m. This increase in the power of the fire occurs due to an increase in the fire area, and is therefore associated with the dynamic lateral fire spread. An increase in either the upslope or lateral rate of spread, relative to the equivalent non-coupled simulation, therefore results in an increase in the power of the fire. The power of the fire can decrease when there is insufficient ignition of fuel to replace the mass loss, due to the parameterised combustion in SFIRE of fuel that has previously been ignited.
For those simulations in which VLS occurs, the laterally advancing fire fronts become the dominant contributor to the power of the fire once the upslope fire spread stage has concluded. This supports the observation that VLS is accompanied by intense pyro-convection (Sharples et al., 2012) due to the rapid ignition of fuel on the leeward slope. The resolved mean kinetic energy of the turbulent portion of the atmospheric flow, hereafter referred to as the turbulent kinetic energy (TKE), is calculated for each WRF-LES model grid cell from the time of ignition to the end of the simulation, and is shown for the C25 simulation in Fig. 9a . In the coupled simulations, the heat release rate during the upslope and lateral fire spread is sufficient for the near-fire and downwind atmospheric dynamics to be dominated by pyro-convection. For example, the peak TKE values for the C25 and N25 simulations are 196.0 and 6.6 m 2 s −2 . In the C25 simulation, the TKE is high, indicating highly variable winds, over the leeward slope and in the pyro-convective plume extending downwind from the ridge. Simpson et al. (2013) and Sharples et al. (2013a) have previously demonstrated that the background winds can tilt the pyro-convective plume relative to the ground. The combination of a tilted and intense pyro-convective plume and highly turbulent near-fire and downwind atmospheric dynamics provides favourable conditions for spotting. This result generally supports the hypothesis, presented by Sharples et al. (2012) , that extensive downwind spotting played a critical role in the downwind extension of the active flaming region seen in VLS events during the 2003 Canberra bushfires. However, WRF-Fire does not currently include a midto long-range spotting model, so therefore cannot be used to test this theory explicitly.
The heat released from the fire also directly affects the near-fire and downwind atmospheric potential temperature, which is shown for the C25 simulation in Fig. 9b . The time-averaged potential temperature peaks at 319 K, directly above the ridge line, compared with the background temperature of 300 K up to a height of 4 km. Although potential temperature anomalies greater than 1 K extend downwind from the leeward slope, they are not in contact with the flat terrain. The pyro-convective plume in the coupled simulations would not contribute towards fuel pre-drying downwind of the leeward slope, as the air is sufficiently buoyant to rise away from the surface. The potential temperature anomalies are more spatially confined than the fire-induced atmospheric turbulence, and are therefore not a good proxy measure of the spatial extent of the pyro-convective plume.
Conclusions
The WRF-Fire simulations presented in this study demonstrate that both high spatial resolution and two-way atmosphere-fire coupling are required for WRF-Fire to model VLS on a steep leeward slope, which is consistent with the results presented by Simpson et al. (2013) and Sharples et al. (2013a) . VLS did not occur in the non-coupled simulations, regardless of spatial resolution, whereas VLS occurred in most of the coupled simulations, aside from in the C90 simulation. This suggests that a horizontal and vertical grid spacing of 80 m or lower is required to model VLS. However, given the sensitivity of the peak and average lateral rates of spread to the horizontal and vertical grid spacing, we suggest that a grid spacing of 30 m or lower is optimal for modelling VLS with WRF-Fire. Given the recent study by Mirocha et al. (2010) , it would be useful to investigate the effect of varying the vertical-to-horizontal grid spacing ratio on resolving VLS. It may also be possible to use vertical stretching of the sigma vertical levels to improve computational performance.
Inclusion of the fire-to-atmosphere coupling increased the peak upslope and lateral rate of spread by maximum factors of 2.7 and 9.5 relative to the equivalent non-coupled simulation. The peak and average upslope and lateral rate of spread typically decreased as the horizontal and vertical grid spacing increased. For those coupled simulations in which VLS occurred, the laterally advancing fire fronts on the leeward slope become the dominant contributor to the power of the fire. As suggested by Sharples et al. (2012) , the lateral fire spread is therefore associated with intense local pyro-convection. The tilting of the pyro-convective plume by the background winds, in addition to the highly turbulent near-fire and downwind atmospheric dynamics, provides favourable conditions for spotting downwind of the leeward slope. This supports the suggestion by Sharples et al. (2012) that extensive spotting played a critical role in the downwind extension of the active flaming region seen during VLS events in the 2003 Canberra bushfires.
The fire whirls that drive the lateral fire spread, and in some cases lead to an increase in the upslope rate of spread, have non-zero vorticity vector components along thex,ŷ andẑ unit vector directions, and form predominantly due to the intense pyro-convection, rather than as a feature of the terrain-modified atmospheric dynamics. The fire whirls are centred on pyro-convectively generated vertical circulations close to the fire, and can drive lateral fire spread when they cross over the lateral flank of the fire perimeter. It will be possible to reconcile the fire whirl characteristics in VLS better with current knowledge of vorticity in wildland fires (Forthofer and Goodrick, 2011) using WRF-Fire model output at sub-minute intervals, which is planned in future work.
A number of environmental conditions need to be satisfied in order for VLS to occur. Sharples et al. (2013a) demonstrated the existence of a threshold in the background wind speed for VLS using the WRF-Fire model. Sharples et al. (2012) found that there were thresholds in the terrain slope and wind direction relative to the terrain aspect for VLS events in the 2003 Canberra bushfires. Further research is needed to explore the sensitivity of VLS to additional aspects of the fire environment from within the WRF-Fire model framework, including the fuel type, the terrain slope and the background wind speed and direction. An improved understanding of these environmental thresholds will facilitate improved operational predictability of VLS. The results presented in this study ensure that WRF-Fire will be used at sufficiently high resolution in these future sensitivity studies.
WRF-Fire is one of a small number of fire spread models capable of directly modelling the two-way coupled interactions between a wildland fire and the atmosphere. This and other recent studies (Simpson et al., 2013; Sharples et al., 2013a) have shown that WRF-Fire operates at a spatial and temporal scale well suited for modelling VLS. However, WRF-Fire has several limitations that will be addressed in future work to facilitate an improved numerical investigation of VLS. For example, the semi-empirical Rothermel fire spread model (Rothermel, 1972) likely oversimplifies the dynamic interactions between the fire spread and atmosphere involved in VLS. In addition, WRF-Fire does not currently have either a spotting or crown fire model, such as those found in other fire spread models, such as FARSITE (Finney, 1998) . A spotting model will be implemented in future work to investigate the apparent role of spotting in the downwind extension of the active flaming region seen in VLS events during the 2003 Canberra bushfires.
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